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DARK MATTER: THE CASE OF STERILE NEUTRINO∗
Mikhail Shaposhnikov
Institut de The´orie des Phe´nome`nes Physiques, Ecole Polytechnique Fe´de´rale de Lausanne,
CH-1015 Lausanne, Switzerland
An extension of the Standard Model by three right-handed neutrinos with masses smaller
than the electroweak scale (the νMSM) can explain simultaneously dark matter and
baryon asymmetry of the Universe, being consistent with the data on neutrino oscilla-
tions. A dark matter candidate in this theory is the sterile neutrino with the mass in keV
range. We discuss the constraints on the properties of this particle and mechanisms of
their cosmological production. Baryon asymmetry generation in this model is reviewed.
Crucial experiments that can confirm or rule out the νMSM are briefly discussed.
1. Introduction
There is compelling evidence that the Minimal Standard Model (MSM) of strong
and electroweak interactions is not complete. There are several experimental facts
that cannot be explained by the MSM. These are neutrino oscillations, the presence
of dark matter in the Universe, the baryon asymmetry of the Universe, its flatness,
and the existence of cosmological perturbations necessary for structure formation.
Indeed, in the MSM neutrinos are strictly massless and do not oscillate. The MSM
does not have any candidate for non-baryonic dark matter. Moreover, with the
present experimental limit on the Higgs mass, the high-temperature phase transi-
tion, required for electroweak baryogenesis, is absent. In addition, it is a challenge
to use CP-violation in Kobayashi-Maskawa mixing of quarks to produce baryon
asymmetry in the MSM. Finally, the couplings of the single scalar field of the MSM
are too large for the Higgs boson to play the role of the inflaton. This means that
the MSM is unlikely to be a good effective field theory up to the Planck scale.
In1–3 it was proposed that a simple extension of the MSM by three singlet right-
handed neutrinos and by a real scalar field (inflaton) with masses smaller than the
electroweak scale may happen to be a correct effective theory up to some high-
energy scale, which may be as large as the Planck scale. This model was called “the
νMSM”, underlying the fact that it is the extension of the MSM in the neutrino
sector. Contrary to Grand Unified Theories, the νMSM does not have any internal
∗Based on talks given at 11th Marcel Grossmann Meeting on General Relativity (Berlin, 23.7 -
29.7.2006), at XXXIII International Conference on High Energy Physics (Moscow, 26.7-2.7.2006),
and at 6th International Workshop on the Identification of Dark Matter (Rhodes, 11.9-16.9.2006).
To appear in the Proceedings of Marcel Grossmann Meeting.
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hierarchy problem, simply because it is a theory with a single mass scale. Moreover,
as the energy behaviour of the gauge couplings in this theory is the same as in
the MSM, the absence of gauge-coupling unification in it indicates that there may
be no grand unification, in accordance with our assumption of the validity of this
theory up to the Planck scale. As well as the MSM, the νMSM does not provide any
explanation why the weak scale is much smaller than the Planck scale. Similarly to
the MSM, all the parameters of the νMSM can be determined experimentally since
only accessible energy scales are present.
As we demonstrated in,1,2 the νMSM can explain simultaneously dark matter
and baryon asymmetry of the Universe being consistent with neutrino masses and
mixings observed experimentally. Moreover, in3 we have shown that inclusion of
an inflaton with scale-invariant couplings to the fields of the νMSM allows us to
have inflation and provides a common source for electroweak symmetry breaking
and Majorana neutrino masses of singlet fermions – sterile neutrinos. The role of
the dark matter is played by the lightest sterile neutrino with mass ms in the keV
range. In addition, the coherent oscillations of two other, almost degenerate, sterile
neutrinos lead to the creation of baryon asymmetry of the Universe2 through the
splitting of the lepton number between active and sterile neutrinos4 and electroweak
sphalerons.5 For review of other astrophysical applications of sterile neutrinos see
talk by Peter Biermann at this conference.6
In this talk I review the structure of the νMSM and discuss its dark matter
candidate – sterile neutrino. The baryogenesis in this model is briefly reviewed.
2. The νMSM
If three singlet right-handed fermions NI are added to the Standard Model, the
most general renormalizable Lagrangian describing all possible interactions has the
form:
LνMSM = LMSM + N¯I i∂µγ
µNI − FαI L¯αNIǫΦ
∗ −
MI
2
N¯ cINI + h.c., (1)
where LMSM is the Lagrangian of the MSM, Φ and Lα (α = e, µ, τ) are the Higgs
and lepton doublets, respectively, and both Dirac (MD = fν〈Φ〉) and Majorana
(MI) masses for neutrinos are introduced. In comparison with the MSM, the νMSM
contains 18 new parameters: 3 Majorana masses of new neutral fermions Ni, and
15 new Yukawa couplings in the leptonic sector (corresponding to 3 Dirac neutrino
masses, 6 mixing angles and 6 CP-violating phases).
Let us discuss in general terms what kind of scale for Majorana neutrino masses
MI one could expect. If Dirac neutrino masses (M
D)αI = FαIv (where v = 174
GeV is the vacuum expectation value of the Higgs doublet) are much smaller than
the Majorana masses MI , the see-saw formula for active neutrino masses
mν = −M
D 1
MI
[MD]T (2)
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is valid. Though it is known that the masses of active neutrinos are smaller than
O(1) eV, it is clear that the scale of Majorana neutrino masses cannot be extracted.
This is simply because the total number of physical parameters describing mν is
equal to 9 (three absolute values of neutrino masses, three mixing angles and three
CP-violating phases), which is two times smaller than the number of new parameters
in the νMSM.
A most popular proposal7 is to say that the Yukawa couplings F in the active-
sterile interactions are of the same order of magnitude as those in the quark and
charged lepton sector. This choice is usually substantiated by aesthetic considera-
tions, but is not following from any experiment. Then one has to introduce a new
energy scale,MI ∼ 10
10−1015 GeV, which may be related to grand unification. The
model with this choice of MI has several advantages in comparison with the MSM:
it can explain neutrino masses and oscillations, and give rise to baryon asymme-
try of the Universe through leptogenesis8 and anomalous electroweak number non-
conservation at high temperatures.5 However, it cannot explain the dark matter as
the low energy limit of this theory is simply the MSM with non-zero active neutrino
masses coming from dimension five operators. On a theoretical side, as a model
with two very distinct energy scales it suffers from a fine-tuning hierarchy problem
MI ≫ MW . Also, since the energy scale which appears in this scenario is so high,
it would be impossible to make a direct check of this conjecture by experimental
means.
Another suggestion is to fix the Majorana masses of sterile neutrinos in 1−10 eV
energy scale9 to accommodate the LSND anomaly.10 The theory with this choice
of parameters, however, cannot explain the baryon asymmetry of the Universe and
does not provide a candidate for dark matter particle.
Yet another paradigm is to determine the parameters of the νMSM from avail-
able observations, i.e. from requirement that it should explain neutrino oscillations,
dark matter and baryon asymmetry of the universe in a unified way. It is this
choice that will be discussed below. It does not require introduction of any new en-
ergy scale, andMI < MW . In this case the Yukawa couplings must be much smaller
than those in the quark sector, F < 10−6. The theory has a number of directly
testable predictions, which can confirm or reject it.
3. Dark matter
Though the νMSM does not offer any stable particle besides those already present
in the MSM, it contains a sterile neutrino with a life-time exceeding the age of the
Universe, provided the corresponding Yukawa coupling is small enough. The decay
rate of N1 to three active neutrinos and antineutrinos (assuming that N1 is the
lightest sterile neutrino) is given by
Γ3ν =
G2F M
5
1 θ
2
96 π3
, θ =
m0
M1
, m20 =
∑
α=e,µ,τ
|MDα1|2 , (3)
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where GF is the Fermi constant. For example, a choice of m0 ∼ O(1) eV and of
M1 ∼ O(1) keV leads to a sterile neutrino life-time ∼ 10
17 years.11
The mass of the sterile dark matter neutrino cannot be too small. An application
of the Tremaine-Gunn arguments12 to the dwarf spheroidal galaxies13 gives the
lower bound14 M1 > 0.3 keV. If the sterile neutrino mass is in the keV region, it
may play a role of warm dark matter.15,16 Sterile neutrino free streaming length an
matter-radiation equality is given by
λFS ≃ 1 Mps
(
1 keV
M1
)(
〈ps/T 〉
3.15
)
(4)
and the mass inside λFS is
MFS ≃ 3× 10
10M⊙
(
1 keV
M1
)3(
〈ps/T 〉
3.15
)3
,
where < ps > (< pa >) is an average momentum of sterile (active) neutrino at
the moment of structure formation, M⊙ is the solar mass. One normally defines
cold dark matter (CDM) as that corresponding to MFS < 10
5M⊙, hot DM as
the one with MFS > 10
14M⊙, and warm DM as anything in between. Potentially,
WDM could solve some problems of the CDM scenario, such as the missing satellites
problem17,18 and the problem of cuspy profiles in the CDM distributions.19,20
Even stronger constraint on the mass of sterile neutrino comes from the analysis
of the cosmic microwave background and the matter power spectrum inferred from
Lyman-α forest data21,22 : M1 > M0
(
<ps>
<pa>
)
. According to,23 M0 = 14.5 keV,
whereas24 gives M0 = 10 keV.
Yet another constraint on the parameters of dark matter sterile neutrino comes
from radiative decay N1 → νγ, suppressed in comparison with N1 → 3ν by a
factor O(α) (α is a fine structure constant). This two body decay produces a line
in the spectrum of X-rays coming from dark matter in the Universe; corresponding
constraints are discussed in detail in other contributions to these proceedings, see
also Refs.25–35 To get an idea on admitted Yukawa coupling constants and of Dirac
mass of dark matter sterile neutrino see Fig. 1, based on results of Ref.28,32
4. Cosmological production of sterile neutrinos
Let us discuss now cosmological production of sterile neutrinos. In the region of
the parameter space admitted by X-ray observations sterile neutrinos were never
in thermal equilibrium in the early Universe.15 This means that their abundance
cannot be predicted in the framework of the νMSM:36 one should either fix the
concentration of sterile neutrinos at temperatures greater than 1 GeV, or specify
the physics beyond the νMSM.
One can address the question how many sterile neutrinos are produced due to the
νMSM interactions, eq. (1), i.e. because of the mixing with active neutrino flavours
November 9, 2018 21:9 WSPC - Proceedings Trim Size: 9.75in x 6.5in astroph
5
 1e-14
 1e-13
 1e-12
 1e-11
 1e-10
 1  10  100
 0.01
 0.1
 1
 10
Yu
ka
w
a 
co
up
lin
gs
, f
m
D
 
[eV
]
M1, keV
LMC
(XMM-Newton)
MW (HEAO-1)MW
(XMM-Newton)
Yu
ka
w
a 
co
up
lin
gs
, f
m
D
 
[eV
]
Yu
ka
w
a 
co
up
lin
gs
, f
m
D
 
[eV
]
Fig. 1. Upper bound on Yukawa coupling constant (left vertical axis) and Dirac mass (right
vertical axis) of dark matter sterile neutrino, coming from X-ray observations of Large Magellanic
Cloud (LMC) and Milky Way (MW) by XMM-Newton and HEAO-1 satellites.
characterized by parameter θ. In fact, this mixing is temperature dependent:37
θ → θM ≃
θ
1 + 2.4(T/200 MeV)6(keV/M1)2
,
so that the rate Γ of sterile neutrino production is strong suppressed at T > 100
MeV, Γ ∝ T−7. The rate peaks roughly at15 Tpeak ∼ 130
(
MI
1 keV
)1/3
MeV, which
corresponds to the temperature of the QCD cross-over for keV scale sterile neutri-
nos. This fact makes an exact estimate of the number of produced sterile neutrinos
to be a very difficult task (see36 for a discussion of the general formalism for com-
putation of sterile neutrino abundance), since Tpeak happens to be exactly at the
point where the quark-gluon plasma is strongly coupled and the dilute hadron gas
picture is not valid. The chiral perturbation theory works only at T < 50 MeV. The
perturbation theory in QCD works only at T ≫ ΛQCD, and the convergence is very
slow. The lattice simulations work very well for pure gluodynamics. However, no
results with three light quarks and with reliable extrapolation to continuum limit
are available yet. Also, the treatment of hadronic initial and final states in reactions
ν + q → ν + q, q + q¯ → νν¯ is quite uncertain. In refs.11,15 the computation of
sterile neutrino production was done with the use of simplified kinetic equations
and without accounting for hadronic degrees of freedom. In16,38 some effects related
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to existence of quarks and hadrons in the media were included; the same type of ki-
netic equations were used. In39 a computation of sterile neutrino production based
on first principles of statistical physics and quantum field theory has been done
and uncertainties related to hadronic dynamics were analyzed. The results are pre-
sented in Fig. 2. They correspond to the case when there is no entropy production
(S = 1) due to decay of heavier sterile neutrinos of the νMSM.40 The area above
dotted line is certainly excluded: the amount of produced dark matter would lead
to over-closer of the universe. The region below dashed line is certainly allowed:
the amount of sterile neutrinos produced due to active-sterile transitions is smaller
than the amount of dark matter observed. Any point in the region between two solid
lines (corresponding to the “most reasonable” model for hadronic contribution39)
can lead to dark matter generation entirely due to active-sterile transitions. Maxi-
mal variation of the hadronic model, defined in39 extends this region to the space
between dotted and dashed lines. In the case of entropy production with S > 1 all
these four lines simply move up by a factor S.
One can see that the active-sterile mixing can accommodate for all dark matter
only if M1 < 3.5 keV, if the “most reasonable” hadronic model is taken. The most
conservative limit would correspond toM1 < 6 keV, if all hadronic uncertainties are
pushed in the same direction and the uncertainty by a factor of 2 is admitted for
the X-ray bounds. Therefore, if Lyman-α constraints of23,24 are taken for granted,
the production of sterile neutrinos due to active-sterile neutrino transitions happens
to be too small to account for observed abundance of dark matter. In other words,
physics beyond the νMSM is likely to be required to produce dark matter sterile
neutrinos. Another option is to assume that the universe contained relatively large
lepton asymmetries.41
In3 it was proposed the the νMSMmay be extended by a light inflaton in order to
accommodate inflation. To reduce the number of parameters and to have a common
source for the Higgs and sterile neutrino masses the inflaton-νMSM couplings can
be taken to be scale invariant on the classical level:
LνMSM → LνMSM[M→0] +
1
2
(∂µχ)
2 −
fI
2
N¯I
c
NIχ+ h.c.−V(Φ, χ) , (5)
where the Higgs-inflaton potential is given by:
V (Φ, χ) = λ
(
Φ†Φ−
α
λ
χ2
)2
+
β
4
χ4 −
1
2
m2χχ
2.
The requirement that the chaotic inflation42 produces the correct amplitude for
scalar perturbations leads to the constraints:
β ≃ 10−13, α . 10−7, fI . 10
−3 .
For α > β inflaton mass is smaller than the Higgs mass, mI < MH .
One can show3 that the inflaton with mass mI > 300 MeV is in thermal equi-
librium thanks to reactions χ ↔ e+e−, χ ↔ µ+µ− down to T < mI . The sterile
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Fig. 2. X-ray constraints from28,32 versus required mixing of sterile neutrino in Dodelson-Widrow
scenario. It is assumed that no entropy production from decays of heavier sterile neutrinos of the
νMSM is taking place. The area between two solid lines corresponds to all possible variations
of mixing angles to different leptonic families for “best choice” hadronic dynamics.39 The area
between dotted and dashed lines corresponds to most conservative estimate of hadronic uncertain-
ties.39
neutrino abundance due to inflaton decays: χ→ NN is given by
Ωs ≃ 0.26
ΓM0ms
m2I × 12 eV
2πζ(5)
ζ(3)
.
So, for mI ∼ 300 MeV (mI ∼ 100 GeV) the correct Ωs is obtained for ms ∼ 16− 20
keV (ms ∼ O(10) MeV). A sterile neutrino in this mass range is perfectly consistent
with all cosmological and astrophysical observations. As for the bounds on mass
versus active–sterile mixing coming from X-ray observations of our galaxy and its
dwarf satellites, they are easily satisfied since the production mechanism of sterile
neutrinos discussed above has nothing to do with the active–sterile neutrino mixing
leading to the radiative mode of sterile neutrino decay.
5. Baryon Asymmetry of the Universe
The baryon (B) and lepton (L) numbers are not conserved in the νMSM. The lep-
ton number is violated by the Majorana neutrino masses, while B+L is broken by
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the electroweak anomaly. As a result, the sphaleron processes with baryon number
non-conservation are in thermal equilibrium for 100 GeV < T < 1012 GeV. As for
CP-breaking, the νMSM contains 6 CP-violating phases in the lepton sector and
a Kobayashi-Maskawa phase in the quark sector. This makes two of the Sakharov
conditions43 for baryogenesis satisfied. Similarly to the MSM, this theory does not
have an electroweak phase transition with allowed values for the Higgs mass,44 mak-
ing impossible the electroweak baryogenesis, associated with the non-equilibrium
bubble expansion. However, the νMSM contains extra degrees of freedom - sterile
neutrinos - which may be out of thermal equilibrium exactly because their Yukawa
couplings to ordinary fermions are very small. The latter fact is a key point for the
baryogenesis in the νMSM, ensuring the validity of the third Sakharov condition.
In4 it was proposed that the baryon asymmetry can be generated through CP-
violating sterile neutrino oscillations. For small Majorana masses the total lepton
number of the system, defined as the lepton number of active neutrinos plus the
total helicity of sterile neutrinos, is conserved and equal to zero during the Universe’s
evolution. However, because of oscillations the lepton number of active neutrinos
becomes different from zero and gets transferred to the baryon number due to rapid
sphaleron transitions. Roughly speaking, the resulting baryon asymmetry is equal
to the lepton asymmetry at the sphaleron freeze-out.
The kinetics of sterile neutrino oscillations and of the transfers of leptonic num-
ber between active and sterile neutrino sectors has been worked out in.2 The effects
to be taken into account include oscillations, creation and destruction of sterile and
active neutrinos, coherence in sterile neutrino sector and its lost due to interaction
with the medium, dynamical asymmetries in active neutrinos and charged leptons.
The corresponding equations are written in terms of the density matrix for sterile
neutrinos and concentrations of active neutrinos and are rather lengthy and will
not be presented here due to the lack of space. They can be found in the original
work.2 The corresponding equations are to be solved with the choice of the νMSM
parameters consistent with the experiments on neutrino oscillations and with the
requirement that dark matter neutrino has the necessary properties.
The value of baryon to entropy ratio nBs can be found from the solution of the
kinetic equations and is given by2
nB
s
≃ 1.7 · 10−10 δCP
(
10−5
∆M232/M
2
3
) 2
3
(
M3
10 GeV
) 5
3
,
where M2,3 are the masses of the heavier sterile neutrinos, ∆M
2
32 =M
2
3 −M
2
2 , and
the CP-breaking factor δCP is expressed through the different mixing angles and
CP-violating phases, parameterizing the Dirac neutrino masses, and can be O(1),
given the present experimental data on neutrino oscillations. This shows that the
correct baryon asymmetry of the Universe nBs ≃ (8.8 − 9.8) × 10
−11 is generated
when the heavier sterile neutrinos with the masses, say, 1 GeV are degenerate to
one part in 105. This looks like a strong fine tuning but may also indicate that there
exists some symmetry making the degeneracy automatic.45
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It is interesting to note that for masses of sterile neutrinos > 100 GeV the
mechanism does not work as the sterile neutrinos equilibrate. Also, the temperature
of baryogenesis is rather low, TL ≃ (∆M
2MPl)
1
3 > 102 GeV, i.e. validity of νMSM
is only required at the scales smaller than MW or so.
6. Conclusions
The νMSM is, perhaps, the simplest and the most economical extension of the Mini-
mal Standard Model. It shares with the MSM its advantages (renormalizability and
agreement with most particle physics experiments) and its fine-tuning problems
(the gauge hierarchy problem, flavour problem, etc). However, unlike the MSM,
the νMSM can explain simultaneously three different phenomena, observed experi-
mentally, namely neutrino oscillations, dark matter, and baryon asymmetry of the
Universe. The parameter-space of the model is rather constrained: the dark matter
neutrino should have a mass in the keV region and be much lighter than two heav-
ier sterile neutrinos, which are required to be quite degenerate. The model has a
number of testable predictions. In astrophysics, one should search for X-rays from
decays of dark matter neutrinos, which could be achieved with a X-ray spectrome-
ter in Space with good energy resolution δE/E ∼ 10−3− 10−4 getting signals from
our Galaxy and its Dwarf satellites.28,35 In particle physics, the νMSM predicts the
absolute values of active neutrino masses,1,46 and existence of relatively light singlet
fermions45 which can be searched for in decays of charmed, beauty and even K or
π-mesons in experiments similar to.47,48 The dark matter neutrino can be looked
for in β-decays of tritium and other isotopes.49
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